We recently have identified a critical role for c-Jun-NH2-terminalkinase (JNK) 1 in augmenting the profibrotic effects of TGF-␤1, linked to epithelial-to-mesenchymal transition of airway epithelial cells. To examine the role of JNK1 in house dust mite (HDM)-induced airway remodeling, we induced allergic airway inflammation in wildtype (WT) and JNK1Ϫ/Ϫ mice by intranasal administration of HDM extract. WT and JNK1Ϫ/Ϫ mice were sensitized with intranasal aspirations of HDM extract for 15 days over 3 wk. HDM caused similar increases in airway hyperresponsiveness, mucus metaplasia, and airway inflammation in WT and JNK1Ϫ/Ϫ mice. In addition, the profibrotic cytokine TGF-␤1 and phosphorylation of Smad3 were equally increased in WT and JNK1Ϫ/Ϫ mice. In contrast, increases in collagen content in lung tissue induced by HDM were significantly attenuated in JNK1Ϫ/Ϫ mice compared with WT controls. Furthermore HDM-induced increases of ␣-smooth muscle actin (␣-SMA) protein and mRNA expression as well as the mesenchymal markers high-mobility group AT-hook 2 and collagen1A1 in WT mice were attenuated in JNK1Ϫ/Ϫ mice. The let-7 family of microRNAs has previously been linked to fibrosis. HDM exposure in WT mice and primary lung epithelial cells resulted in striking decreases in let-7g miRNA that were not observed in mice or primary lung epithelial cells lacking JNK1Ϫ/Ϫ mice. Overexpression of let-7g in lung epithelial cells reversed the HDM-induced increases in ␣-SMA. Collectively, these findings demonstrate an important requirement for JNK1 in promoting HDM-induced fibrotic airway remodeling.
modeling has been shown in all degrees of asthma severities, and the remodeling process has been associated with an increase in the duration of asthma, reduced lung function, increased hyperresponsiveness, and greater use of medication (6) . Airway remodeling is amplified by profibrotic mediators, such as transforming growth factor-␤1 (TGF-␤1) as well as interleukins-1, -13, and -17 (38, 43, 46) . TGF-␤1 expression in airways is sufficient to drive pulmonary fibrosis and is suggested as a key regulator of collagen deposition in asthma (31) .
c-Jun-N-terminal kinases (JNK) are members of the family of mitogen-activated protein kinases (MAPK), which have been linked to diverse cellular processes that include apoptosis (41) , proliferation (5) , and survival (17) . We and others have recently identified a critical role for JNK1 in various models of fibrosis. JNK1-deficient mice had decreased hepatic fibrosis (29) , and JNK1Ϫ/Ϫ mice showed a significant attenuation of ovalbumin-induced subepithelial lung fibrosis as well as bleomycin-and TGF-␤1-induced fibrosis (3) . We have previously shown that JNK1 plays an important role in transducing TGF-␤ signals linked to epithelial-to-mesenchymal transition (EMT) of airway epithelial cells (1, 44) , in part by controlling phosphorylation of Smad3 in the linker domain (44) . EMT is an important process during embryonic development, tumor progression, and fibrotic tissue repair after injury (42) . During EMT, epithelial cells enhance their migratory capacity by downregulation of epithelial markers, such as tight junction proteins and cytokeratins, and upregulation of mesenchymal proteins, such as ␣-smooth muscle actin (␣-SMA) and vimentin (27, 42) .
House dust mite (HDM; Dermatophagoides pteronyssinus) is one of the most common aeroallergens worldwide, and up to 85% of asthmatics are typically allergic to HDM (7) . Exposure of HDM in mice has been shown to induce sustained airway inflammation, increased mucus production, and airway hyperresponsiveness (26) . Increased collagen deposition and ␣-SMA expression indicative of airway remodeling have been observed in a mouse model of chronic HDM exposure (15) . Furthermore, HDM exposure in vivo (25) and in vitro (22) has been shown to promote EMT, and primary epithelial cells from asthmatics are more susceptible to TGF-␤1-induced EMT (20) . These reports, together with the previous published data from our laboratory, led us to hypothesize that HDM-induced JNK1 activation is important in the induction of a mesenchymal expression profile in lung epithelial cells and subsequent remodeling of the airways. Therefore, the goal of this study was to investigate the role of the JNK1 in HDM-induced allergic airway remodeling.
MATERIALS AND METHODS
Animals and reagents. JNK1Ϫ/Ϫ mice on a C57BL/6 background were purchased from Jackson Laboratories (Bar Harbor, ME) and were maintained as a breeding colony under pathogen-free conditions. Mice were housed with a 12-h:12-h light/dark cycle and allowed free access to standard laboratory chow and water. All experiments were conducted with age-matched JNK1Ϫ/Ϫ and wild-type (WT) littermate controls. All animal studies were approved by the Institutional Animal Care and Use Committee at the University of Vermont. All chemicals utilized were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Smad3, phospho-Smad3, and phospho-JNK antibodies were obtained from Cell Signaling Technology (Danvers, MA); antibodies to JNK1 and actin were from Santa Cruz Biotechnology (Santa Cruz, CA).
HDM administration. HDM Dermatophagoides pteronyssinus extract (Greer Laboratories, Lenoir, NC) was resuspended in sterile PBS at a concentration of 1 g protein/ml. The experimental group was sensitized with intranasal instillation of 50 l of the HDM suspension for 15 days over three consecutive weeks, according to the schematic in Fig. 1A . The control group was sham sensitized with PBS.
Assessment of airway mechanics and airway hyperresponsiveness. Mice were anesthetized with intraperitoneal pentobarbital sodium (90 mg/kg), tracheotomized, and mechanically ventilated at 200 breaths/ min with a tidal volume of 0.25 ml and positive end-expiratory pressure of 3 cmH 2O (FlexiVent; SCIREQ, Montreal, Quebec, Canada). Airway mechanics were assessed by the forced oscillation technique in which respiratory impedance was partitioned using the constant-phase model into measures of Newtonian resistance (Rn), a measure of conducting airway resistance, tissue dampening (G), a measure of tissue resistance, and tissue elastance (H), a measure of the stiffness of the lung (43) . Airway responsiveness was assessed during airway challenge with increasing doses of aerosolized methacholine (saline control, 12.5, 25, and 50 mg/ml), as previously described (38) . The response to methacholine at each dose was quantified as the average of the three peak measurements for each parameter of airway mechanics.
Collection of bronchoalveolar lavage. Lungs were lavaged with 1.0 ml of 1ϫ Dulbecco's PBS. Total and differential cell counts were performed as previously described (36) . Briefly, cells were isolated by centrifugation, and total cell counts were performed using the Advia 120 (Siemens, Malvern, PA) automated hematology analyzer. Cytospins were performed and stained using the Hema3 kit (Fisher Scientific, Kalamazoo, MI). Differential cell counts were performed on a minimum of 300 cells.
Bronchoalveolar lavage fluid analyses. Bronchoalveolar lavage fluid (BALF) was centrifuged at 1,200 g for 5 min to remove cells and debris and was then snap-frozen in liquid N 2. BALF cytokine levels were determined by a 13-plex cytokine array (Bio-Rad, Hercules, CA), as directed by the manufacturer. Total TGF-␤1 protein levels were determined by a Quantikine ELISA kit (R&D Systems, Minneapolis, MN).
Homogenization of lung tissue and Western blotting. Protein lysates were prepared by mincing lung tissue in cold lysis buffer immediately followed by homogenization as previously described (3). Lysates were incubated on ice for 30 min, followed by 30 min of centrifugation at 16,000 g. A portion of the supernatant was saved for protein determination, before the addition of Laemmli sample buffer. Total protein was assessed by the Bio-Rad DC Protein Assay kit (Bio-Rad). Total JNK1/2, phospho JNK1/2, total Smad3, phospho Smad3, ␣-SMA, and ␤-actin protein abundance were evaluated by Western blotting.
Assessment of inflammation and mucus metaplasia. Lungs were inflated to 25 cm H 2O and fixed with 4% paraformaldehyde in PBS followed by paraffin imbedding. Paraffin blocks were cut into 5-m sections and mounted to slides. Tissue histopathology and inflammation were assessed by hematoxylin and eosin staining. In mice challenged with PBS and HDM, mucus metaplasia was assessed by periodic acid Schiff staining (PAS) and quantified by scoring airway PAS reactivity using a scale of 0 to 3 (0 representing no positive staining and 3 being the highest intensity) by two independent, blinded observers. The cumulative score from each mouse was then averaged according to treatment group as described previously (3). MUC5AC and Gob5 mRNA expression was assessed via real-time PCR analysis.
␣-SMA immunohistochemistry. ␣-SMA staining was performed on lung sections after antigen retrieval by incubation of slides for 20 min in 0.01 M sodium citrate pH 6.0 at 95°C. Slides were then blocked with 2% normal goat serum for 30 min, followed by incubation with monoclonal mouse antibody against ␣-SMA (1:5,000 dilution; Sigma) overnight at 4°C. Biotinylated anti-mouse IgG was then applied for 30 min at room temperature, followed by addition of the avidin-biotin complex-alkaline phosphatase (Vectastain ABC-AP, Vector Laboratories) for another 30 were rinsed in PBS, the substrate, Vector Red (Vector Laboratories), was added for 20 min. The Vector Red reacts with the bound alkaline phosphatase, producing an intense red color. Slides were counterstained with Mayer's hematoxylin. Assessment of HDM-induced collagen deposition. Lung sections were stained with Masson's trichrome reagent to stain collagen. Slides were scored using a scale of 0 to 3 (0 being the least stain intensity, 3 the highest intensity) for airway-associated collagen deposition by two independent, blinded investigators. The cumulative score from each mouse was then averaged according to treatment group. Total lung collagen was measured in the upper right lobe of the lung after overnight digestion with 10 mg/ml pepsin in 0.5 M acetic acid using the Sircol Assay (Biocolor, Belfast, UK) as directed by the manufacturer.
RNA isolation and q-PCR. RNA was extracted using miRNeasy columns (Qiagen, Valencia, CA) as directed by the manufacturer. Gene expression analysis (miRNA and mRNA) was performed by reverse transcriptase-qPCR using the miScript Reverse Transcription kit and SYBR Green PCR kit (Bio-Rad). PCR data were analyzed by using the ⌬⌬Ct method of relative quantification. For microRNA expression, snoRNA202 was used as endogenous control. Primer sequences were taken from GeneBank or miRBase. All accession numbers are listed in Table 1 .
Cell culture and transfection. Primary mouse tracheal epithelial (MTE) cell cultures were isolated as previously published (44) . MTE cells were stimulated with 50 g of HDM for 72 h. A line of spontaneously transformed murine alveolar type II epithelial cells (C10) (32) was cultured as described elsewhere (44) . Transient transfections were performed using Nanofectin (PAA, Pasching, Austria) according to the manufacturer's instructions. Twenty-four hours before HDM (50 g) stimulation for 48 h, 1 g of precursor (pre)-let-7g expression vector (Cell Biolaboratories, San Diego, CA) was transfected into C10 cells. Both MTE and C10 cells were lysed for Western blotting and gene expression analysis.
Statistical analysis. Data were evaluated using SPSS (version 21) by one-way ANOVA using the Bonferroni test to adjust for multiple comparisons. Histological scoring was analyzed using the KruskalWallis test and Dunn's multiple-comparison post hoc tests. Results with P Ͻ 0.05 or smaller were considered statistically significant.
RESULTS

Activation of JNK and TGF-␤1 signaling pathways in HDM-
challenged WT and JNK1Ϫ/Ϫ mice. Recent work in our laboratory identified JNK1 as a crucial mediator of lung fibrosis in different models (3) . To identify a role of JNK in HDM-induced allergic airway disease, WT and JNK1Ϫ/Ϫ C57BL/6 mice were challenged with HDM ( Fig. 1A) , and phosphorylated JNK (phospho-JNK), which is reflective of JNK activation, was assessed by Western blot using lung homogenates. Results in Fig. 1B demonstrate an increase in phospho-JNK 1 and 2 in HDM-challenged WT mice compared with the PBS control group, suggesting activation of the JNK signaling pathway. A comparable increase in phospho-JNK 2 in HDM-challenged JNK1Ϫ/Ϫ mice was observed, suggesting that JNK2 does not compensate for the loss of JNK1. Note that two isoforms of JNK1 and JNK2 are expressed in WT mice. Hereafter only the major bands of JNK1 and 2 will be indicated. TGF-␤1 has been shown to be critical in the pathogenesis of lung fibrosis (12) , including subepithelial fibrosis (40) . To examine TGF-␤1 pathway activation, we evaluated phosphorylation of the receptor Smad, Smad3. Assessment of WT and JNK1Ϫ/Ϫ mice following HDM challenge demonstrated similar increases in phosphorylation of Smad3 compared with PBS-challenged mice (Fig. 1B) , indicating activation of proximal TGF-␤1 signaling in response to HDM.
Because JNK and TGF-␤1 signaling pathways are activated following HDM exposure, we also examined the expression of TGF-␤1 protein and mRNA in the lungs of WT and JNK1Ϫ/Ϫ mice exposed to daily administrations of HDM or PBS (5 days/wk) for 3 wk. Similar increases in total TGF-␤1 protein in the BALF and mRNA in lung homogenates were observed in WT and JNK1Ϫ/Ϫ mice following HDM exposure compared with PBS-treated mice (data not shown), demonstrating that HDM-induced TGF-␤1 expression is similar in WT and JNK1Ϫ/Ϫ mice.
HDM-induced allergic airway inflammation and airway hyperresponsiveness in WT and JNK1Ϫ/Ϫ mice. Inflammation is a significant hallmark of allergic airway disease. We next addressed the impact of genetic ablation of JNK1 on HDMinduced allergic airway inflammation. Evaluation of lung histopathology revealed infiltration of inflammatory cells in both WT and JNK1Ϫ/Ϫ mice following HDM exposure ( Fig. 2A) . Assessment of HDM-induced airway inflammation via enumeration of total and differential cell counts in the BALF revealed no clear differences between WT and JNK1Ϫ/Ϫ mice (Fig. 2B) . Comparable increases in eosinophils (Fig. 2C ) and lymphocytes (data not shown) were observed in WT and JNK1Ϫ/Ϫ mice following HDM exposure, whereas neutro- Primer sequences for quantitative PCR cycling conditions. Sequences were taken from GeneBank, and all accession numbers are denoted. TGF, transforming growth factor; SMA, smooth muscle actin. phils and macrophages were not significantly changed in response to HDM at this time point (data not shown). BAL inflammatory cytokines and mRNA expression were also comparably elevated in WT and JNK1Ϫ/Ϫ mice in response to HDM (data not shown) with the exception granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6 mRNA. Increases in GM-CSF and IL-6 were observed in lung tissue from JNK1Ϫ/Ϫ mice exposed to HDM compared with WT mice (data not shown). Despite these differences in mRNA expression, which were modest, our data overall show that HDM-induced allergic airway inflammation occurred to a similar extent in WT and JNK1Ϫ/Ϫ mice. To address the role of JNK1Ϫ/Ϫ in the manifestation of airway hyperresponsiveness following HDM exposure, we measured the changes in airway mechanics in response to methacholine. HDM exposure did not significantly affect conducting airway resistance (Rn) during methacholine challenge in WT or JNK1Ϫ/Ϫ mice (Fig. 2D) . In contrast, HDM exposure led to increases in tissue dampening (G) and tissue elastance (H) at the higher doses of the methacholine challenge in WT and JNK1Ϫ/Ϫ mice (Fig. 2 , E and F, respectively). However, there was no significant difference in the increase in tissue dampening or tissue elastance between HDM-exposed WT and JNK1Ϫ/Ϫ mice, with the exception that increases in tissue elastance were apparent at a lower dose of methacholine in JNK1Ϫ/Ϫ mice compared with WT animals. HDM-induced mucus metaplasia in WT and JNK1Ϫ/Ϫ mice. Another clinical manifestation of allergic airway disease is the development of mucus metaplasia. Assessment of mucus metaplasia in WT or JNK1Ϫ/Ϫ mice exposed to HDM revealed comparable reactivity with the PAS stain (Fig. 3, A and B) . In addition, evaluation of the airway mucin MUC5AC and Gob5 (Clca3), a calcium-activated chloride channel involved in the regulation of mucus production and secretion, showed similar increases in WT and JNK1Ϫ/Ϫ mice (Fig. 3C ), suggesting that, in these experimental settings, JNK1 does not play a dominant role in mucus metaplasia.
HDM-induced airway remodeling and fibrotic gene expression in WT and JNK1Ϫ/Ϫ mice. We next evaluated the role of JNK1 in HDM-induced fibrotic airway remodeling via analysis of lung histopathology using the Masson's trichrome collagen stain. HDM exposure in WT mice resulted in a significantly enhanced collagen content around the bronchioles. In contrast, the HDM-induced peribronchiolar deposition of collagen was significantly attenuated in JNK1Ϫ/Ϫ mice (Fig. 4, A and B) . Quantitative assessment of total lung collagen content also demonstrated decreases in JNK1Ϫ/Ϫ mice compared with WT animals exposed to HDM (Fig. 4C) , demonstrating that the presence of JNK1 contributes to HDM-induced increases in collagen deposition. Recent work in our laboratory identified JNK1 as a crucial mediator of TGF-␤1-induced EMT (1) and lung fibrosis (3) . Histological evaluation of the mesenchymal protein, ␣-SMA, demonstrated a significant increase in WT mice exposed to HDM, which was almost completely abrogated in JNK1Ϫ/Ϫ mice (Fig. 5A) , consistent with decreases in overall ␣-SMA protein content and mRNA expression in JNK1Ϫ/Ϫ mice compared with WT animals (Fig. 5, B and C) .
In addition, increases in mRNA expression of high-mobility group AT-hook 2 (HMGA2), a critical regulator of EMT, observed in HDM-exposed WT mice were not observed in mice lacking JNK1Ϫ/Ϫ (Fig. 5C) . Consistent with the attenuation of HDM-mediated increases in collagen content in JNK1Ϫ/Ϫ mice (Fig. 4) , HDM-mediated increases in collagen1A1 (Col1a1) mRNA were also attenuated in JNK1Ϫ/Ϫ mice compared with WT littermate controls (Fig. 5C) . The family of let-7 microRNAs (miRNA) are effective repressors of HMGA2 (23) and have been previously shown to play a role on fibrosis (35) . Analysis of the Let-7 miRNA family revealed a significant decrease of let-7g miRNA in WT mice following HDM exposure, which was not observed in JNK1Ϫ/Ϫ mice (Fig.  5D) . Overall, these data demonstrate that JNK1 is required for HDM-induced peribronchiolar fibrotic remodeling and mesenchymal gene expression in association with increases in the EMT regulator, HMGA2, and decreases in let-7g miRNA.
HDM-induced mesenchymal protein and gene expression in WT and JNK1Ϫ/Ϫ MTE cells.
We previously demonstrated that TGF-␤1-induced mesenchymal increases in lung epithelial cells are JNK1 dependent (1) . To further investigate the mechanism by which HDM exerts its effects, we extended our observations by using WT and JNK1Ϫ/Ϫ primary MTE cells. WT and JNK1Ϫ/Ϫ primary mouse tracheal epithelial cells were exposed to either PBS or HDM for 3 days. HDM stimulation resulted in an increase in ␣-SMA protein (Fig. 6A ) and a significant increase in ␣-SMA, HMGA2, and collagen1A1 mRNA compared with PBS-treated cells (Fig.  6B) . In contrast, HDM-mediated increases in these mesenchymal mediators were almost completely absent in JNK1Ϫ/Ϫ MTE cells (Fig. 6) . Analysis of the Let-7 miRNA family revealed a similar decrease of let-7g miRNA in WT MTE cells following HDM exposure (Fig. 6C) , similar to our observations in HDM-exposed WT mice (Fig. 5D ). Similar to results in JNK1Ϫ/Ϫ mice, let-7g was not attenuated in JNK1Ϫ/Ϫ MTE cells exposed to HDM. These data suggest a functional link between JNK1 and repression of let-7g miRNA.
Let-7g expression in lung epithelial cell prevents HDMinduced expression of ␣-SMA. We next sought to further explore the functional role of let-7g in HDM-induced increases in ␣-SMA in lung epithelial cells. We therefore overexpressed precursor (pre)-let-7g miRNA in C10 mouse lung epithelial cells before exposure of cells to PBS or HDM. Exposure of C10 cells to HDM led to an increase in ␣-SMA protein, ␣-SMA mRNA, and a decrease in let-7g miRNA expression (Fig. 7) . The observed increases in ␣-SMA protein and ␣-SMA mRNA after stimulation with HDM were no longer apparent after the overexpression of let-7g miRNA (Fig. 7 ). These findings demonstrate the ability of let-7g miRNA to prevent HDM-induced increase in ␣-SMA.
DISCUSSION
The molecular events that contribute to airway remodeling in patients with allergic airway disease are not completely unraveled. In this study, we set out to investigate the role of JNK1 for the development of airway inflammation, hyperresponsiveness, and remodeling in an HDM model of allergic airway disease. We demonstrate herein that genetic ablation of JNK1 does not affect HDM-induced inflammation, airway hyperresponsiveness, or mucus metaplasia. However, we demonstrate the importance of the JNK1 signaling pathway in augmenting peribronchiolar fibrotic remodeling and enhancing the expression of profibrotic mediators. Notably JNK1Ϫ/Ϫ mice were considerably protected against HDM-induced increased ␣-SMA content and profibrotic mediator expression compared with WT animals, potentially by preserving miRNA let-7g expression.
Hallmarks of the pathophysiology associated with exposure to allergen are increased inflammatory cells, mucus metaplasia, and airway hyperresponsiveness, in association with increases in Th2 cytokines. JNK has been shown to regulate innate and adaptive immune responses (11), including Th2 polarization (13) . JNK controls the expression of proinflammatory cytokines, such as IL-2, IL-6, and TNF-␣ in inflammatory bowel disease (39) . However, in the present study, HDM-induced airway inflammation, cytokine mRNA expression, and content in the BALF were not different in WT or JNK1Ϫ/Ϫ mice following HDM exposure, with the exception of slight increases in IL-6 and GM-CSF mRNA expression in JNK1Ϫ/Ϫ mice compared with WT animals. Similarly, mucus metaplasia, a Th2-dependent process, was not affected following ablation of JNK1. The lack of an impact of ablation of JNK1 on HDM-triggered airway inflammation observed herein is puzzling. Because JNK1 and JNK2 have often been considered to have overlapping or redundant functions, it is conceivable that compensatory activation of JNK2 could replace the function of JNK1. However, phospho-JNK2 was increased comparably in response to HDM in both WT and JNK1Ϫ/Ϫ mice (Fig. 1B) , suggesting that observed differences herein are not due to JNK2. Recent studies have shown opposing roles of JNK1 and 2, based on the observation that JNKs can activate a large number of different substrates dependent on the specific stimulus and cell type (7) .
Previous studies also demonstrated activation of the JNK signaling pathway in models of allergic inflammation, confirming our results (14, 34) . However, these two studies revealed conflicting data about the role of JNK in allergic inflammation and airway hyperresponsiveness based upon the use of a nonspecific JNK inhibitor (SP600125) (4) . In a rat model of ovalbumin-induced allergic inflammation, inhibition of JNK with SP600125 had no effect on mucosal inflammation and airway hyperresponsiveness (14) , whereas, in a mouse model of ovalbumin-induced allergic asthma, SP600125 attenuated allergen-induced airway hyperresponsiveness and significantly inhibited eosinophil and lymphocyte in- flammation (34) . The lack of an impact on proinflammatory responses and airway hyperresponsiveness in JNK1Ϫ/Ϫ mice compared with WT animals observed in the present study suggests that, in the setting of an asthma-relevant allergen and sensitization via the airways, JNK1 does not play a dominant role in allergic inflammation or airway hyperresponsiveness. However, additional studies will be required to address the contribution of JNK1 in specific cell types and the timing of its activation during the pathogenesis of allergic airways disease, which could dictate its functional outcome. An important feature of the pathophysiology of asthma is airway remodeling, which includes changes in the composition and organization of the airway cellular and structural components. In agreement with previous studies (15, 19, 26) , we observed an increase in fibrotic lung remodeling in HDMinduced allergic airway disease. The TGF-␤1 signaling pathway has been highlighted as a cardinal mediator in the lungremodeling process in asthma (21) . The present study shows that TGF-␤1 cytokine expression and mRNA were upregulated significantly in the lung following HDM exposure, similar to what has been shown in previous studies involving both humans and mice with allergic airway disease (15, 26, 28) . Conflicting data about the role of TGF-␤1 in antigen-induced lung remodeling exists. TGF-␤1 has been shown to be a mediator of remodeling in the Ova model of allergic airway disease, yet it attenuated airway hyperresponsiveness (2, 33). However, TGF-␤1 was found to be not critically required for the development of HDM-induced remodeling (15). Similar to previously described results in the Ova model of allergic airway disease, no differences in TGF-␤1 production were observed in JNK1 mice compared with WT control following HDM exposure (3) . Despite the lack of differences in TGF-␤1, we demonstrate herein a functional contribution of JNK1 in HDM-induced lung remodeling, consistent with a previous study in which a JNK inhibitor inhibited allergen-induced fibrotic remodeling (34) and our previous studies demonstrating a critical role for JNK1 in various models of lung fibrosis (3). The full details of the mechanisms whereby JNK1 elicits profibrotic signals require additional investigation. ) . B: evaluation of ␣-SMA content in lung tissue from WT and JNK1Ϫ/Ϫ mice exposed to HDM. Equal amounts of protein (10 g) were separated by SDS-PAGE and subjected to Western blot analysis for ␣-SMA and JNK1/2. Actin was used as a loading control. Lanes represent individual mice in each group. Assessment of mRNA abundance of ␣-SMA, HMGA2, Coll1A1 (C) and miRNA let-7a,b,c,d,f,g and i by q-PCR in lung homogenates (D) from WT and JNK1Ϫ/Ϫ mice exposed to HDM. mRNA abundance was normalized to ␤-actin, whereas let-7 miRNAs were normalized to SNO202 (miRNA). Results are expressed as fold change compared with WT PBS and reflect means Ϯ SE from 2 independent experiments (n ϭ 9 WT PBS, 10 WT HDM, 7 JNK1Ϫ/Ϫ PBS, 9 JNK1Ϫ/Ϫ HDM). *P Ͻ 0.05 (ANOVA) compared with respective controls. †P Ͻ 0.05 compared with the WT HDM group.
We recently demonstrated that JNK1 facilitates mesenchymal expression in epithelial cells stimulated with TGF-␤1 via phosphorylation of Smad3 in the linker domain (44) , raising the possibility that JNK1 controls fibrotic airway remodeling downstream of TGF-␤1 via control of Smads. Interestingly, epithelialspecific overexpression of Smad2 results in an increased susceptibility of fibrotic remodeling features following HDM exposure (18) , in an IL-25-dependent manner (19) . Smad3 has been shown to play a pivotal role in signal transduction pathways associated with TGF-␤1-mediated wound healing and fibrosis (16) . Indeed we observe an increase in Smad3 phosphorylation following HDM exposure. Furthermore, Smad2/3 was found to be activated after allergen challenge in epithelial and subepithelial cells within bronchial biopsies. However, mice lacking Smad3 were not protected against HDM-induced fibrotic lung remodeling (15) , suggesting that Smad signaling pathway may not be the only pathway by which the fibrogenic effects of TGF-␤1 are mediated. Alternatively, differences in the strains of mouse or protocols used to elicit allergic airway disease in the aforementioned studies could account for the apparent discrepant findings. Numerous studies have shown that the phenotype and model severity of antigeninduced airway disease in mice are strain dependent (9) .
Previous work from our laboratory demonstrated the functional importance of JNK1 in transducing TGF-␤ signals linked to EMT of airway epithelial cells (1) . In vitro studies have demonstrated that HDM proteins can collaborate with TGF-␤1 to promote EMT in bronchial epithelial cells (22) and cleavage of junction proteins (45) . Furthermore, primary air- way epithelial cells from asthmatics reveal an increased susceptibility to TGF-␤1-induced EMT via a Smad3-dependent process, supporting the notion that the asthmatic airway epithelium displays an altered epithelial repair phenotype. In vivo, EMT has recently been identified as a significant contributor in HDM-induced lung remodeling (25) . In the present study, we observed increases in mesenchymal gene expression following HDM exposure in WT mice, which were attenuated in JNK1Ϫ/Ϫ mice. In addition, our previous studies demonstrated that TGF-␤1-induced mRNA expression of HMGA2 requires JNK1 and depends on the phosphorylation status of the Smad3 linker region (44) . HMGA2 is a nonhistone chromosome protein that is a proximal regulator of EMT. In the present study, HDM-induced upregulation of HMGA2 was almost completely inhibited in JNK1Ϫ/Ϫ mice. Altogether, these findings suggest the requirement of JNK1 and EMT in HDM-induced lung remodeling. Members of the let-7 miRNA family have been shown to be the most abundantly expressed miRNAs in lung tissue (37) . Significantly, let-7 miRNAs are effective repressors of HMGA2. Our findings that let-7g miRNA is suppressed following HDM exposure of mice and primary tracheal epithelial cells in vitro and requires JNK1 are novel. let-7 miRNA was previously shown to posttranscriptionally inhibit IL-13 in an allergic asthma model in mice. Consequently, intranasal delivery of a let-7 mimic alleviated asthma features such as inflammation and subepithelial fibrosis (30) . Although significant decreases in let-7g miRNA were observed following HDM exposure, which did not occur in JNK1Ϫ/Ϫ mice, no differences in IL-13 mRNA were detected between the different groups. These results suggest that JNK1-dependent modulation of let-7g miRNA specifically does not control expression of IL-13, or that the current study design was not optimal to determine associations between let-7g miRNA and expression of IL-13. In contrast, in a different study using a similar murine model of asthma, let-7 miRNAs have been suggested to play a proinflammatory role (37) . We have recently demonstrated a TGF-␤1-induced interaction between Smad3 and JNK1 and that TGF-␤1-induced Smad3 phosphorylation in the linker region and Smad transcriptional activity are controlled by JNK1 (44) . Our findings, together with the observation that in idiopathic pulmonary fibrosis miRNA let-7d expression is repressed via Smad3 binding to the let-7d promoter (35) , suggest a putative role of JNK1 in regulating let-7 miRNAs through a Smad3-dependent mechanism. However, additional studies will be required to unravel the exact interplay between JNK1 and Smad3 in the regulation of let-7 miRNAs, which also will require differentiation between let-7d and let-7g.
In conclusion, findings of the present study demonstrate an important role for JNK1 in promoting HDM-induced fibrotic airway remodeling, independent of the recruitment of inflammatory cells, airway hyperresponsiveness, and mucus metaplasia. Therefore, new strategies aimed at attenuation of fibrotic airway remodeling in asthmatics, which is not targeted with current therapeutics, could involve targeting facets of the JNK1 pathway.
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